The structure and hyperfine magnetic properties of epitaxial Fe ultrathin films on a vicinal Pd͑110͒ surface have been investigated by means of low-energy electron diffraction ͑LEED͒, reflection high-energy electron diffraction ͑RHEED͒ and 57 Fe conversion electron Mössbauer spectroscopy ͑CEMS͒. LEED and RHEED provide evidence for initial pseudomorphic film growth. The RHEED determination of the in-plane atomic distance versus Fe film thickness demonstrates the stabilization of the metastable fcc-like Fe structure on Pd͑110͒. This interpretation is supported by in situ 57 Fe CEMS measurements which indicate an enhanced saturation hyperfine field of ϳ39 T for a 3-monolayers-thick Fe film at 25 K. This is the highest value ever measured for Fe on a metallic substrate. Our results suggest that ultrathin fcc-like ͑face-centered tetragonal͒ Fe films on Pd͑110͒ are in a ferromagnetic high-moment state with an enhanced hyperfine field due to electronic 3d-4d hybridization at the Fe/Pd interface.
I. INTRODUCTION
Numerous experimental and theoretical investigations have shown that the magnetic properties of ultrathin magnetic layers supported on nonmagnetic substrates dramatically change when the dimensions of the system are reduced and the surface or interface symmetry is broken. [1] [2] [3] [4] Ultrathin epitaxially grown ferromagnetic ͑FM͒ layers are particularly interesting, as unusual new properties including perpendicular magnetic anisotropy, enhanced magnetic moments, and metastable phases have been observed. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The present work reports enhanced hyperfine fields and discusses the structural and magnetic properties in the context of prior related research.
The magnetic behavior of the Fe/Pd system is of special interest due to its exotic exchange coupling. [20] [21] [22] [23] Rader et al. 24, 25 demonstrated that Pd becomes ferromagnetic when in proximity to Fe. This result is supported by several theoretical studies 26, 27 and giant Pd moments have been measured in dilute Fe-Pd alloys. [28] [29] [30] Despite the large scientific effort dedicated in the last twenty years to the understanding of this system, many discrepancies regarding the magnitude of the Fe moment at the Pd interface and the origin of its reduction/ enhancement with respect to bulk bcc-Fe still remain. Hosoito et al. 31 found by depth-profiling Mössbauer spectroscopy that 30% of the Fe atoms in a 3. 5 Å 57 Fe probe layer at the Pd interface were paramagnetic at room temperature ͑RT͒ and had a reduced magnitude of the hyperfine field ͉͑B hf ͉͒ at 4.2 K. They concluded that a tendency exists for Pd to quench magnetic order in Fe monolayers. Later on, Boufelfel et al. 32 also reported a lower ͉B hf ͉ for interfacial Fe layers in ͓Fe͑110͒ /Pd͑111͔͒ n superlattices with n = 1, and slightly larger values than that of bulk bcc-Fe when thicker films were studied, but no paramagnetism was observed. 32 This difference may be related to the structure of the Fe layers. Increased hyperfine fields were discovered by Li et al. 33 for interfacelike Fe in Fe/Pd multilayers using Möss-bauer spectroscopy. A change in texture was noted in that study, where the Pd layers were found to have fcc͑111͒ texture, and the Fe layers bcc͑110͒ texture, for Pd thicknesses t Pd Ͻ 36 Å, but fcc-Fe͑111͒ texture for Pd t Pd ജ 36 Å. More recently, Cheng et al. 20 extracted a 14% enhancement in ͉B hf ͉ of the 2-ML-thick interfacial Fe region in magnetronsputtered Fe/Pd multilayers by extrapolation of the temperature dependence of ͉B hf ͉ to low T. They assumed that the main contribution to the measured hyperfine field was due to the negative polarization of the core electrons ͑neglecting conduction electron polarization and dipole effects͒ and obtained a Fe magnetic moment of 2.8 B . This value is in agreement with theoretical studies on Fe/Pd͑001͒ superlattices carried out by Stoeffler et al. 27 We have used molecular beam epitaxy ͑MBE͒ in ultrahigh vacuum ͑UHV͒ for the controlled deposition of clean, epitaxial, ultrathin magnetic layers on a single crystal substrate. Among epitaxial Fe/Pd, Fe on Pd͑100͒ is the most studied system experimentally [34] [35] [36] [37] [38] and theoretically. 39, 40 This Pd orientation offers the smaller lattice mismatch ͑3.3%͒ with respect to bcc-Fe, making it a desirable substrate for the pseudomorphic growth of ultrathin, crystalline, flat Fe films. Less attention has been devoted to other substrate orientations such as Pd͑111͒, where the larger lattice mismatch with bcc-Fe ͑4.2%͒ favors a strong tetragonalization of the epitaxial Fe layers and leads to a more complicated growth morphology. 22, 41 In addition, Fe films deposited on differ-ently oriented Pd surfaces also exhibit distinct magnetic properties. Fe films grown on Pd͑100͒ display ferromagnetic ͑FM͒ behavior at RT above a critical thickness of 1.3-1.7 monolayers ͑ML͒. 36 A minimum Fe thickness of 2-2.5 ML was reported for FM onset in the Fe/Pd͑111͒ system. 22 The structure of ultrathin Fe films stabilized on differently orientated Pd surfaces and its correlation with their magnetic behavior have been intensively debated in the literature. Investigations carried out by Binns et al. 41 on Fe/Pd͑111͒ using low-energy electron diffraction ͑LEED͒, auger electron spectroscopy ͑AES͒, and x-ray photoelectron spectrosocpy ͑XPS͒ pointed out that the first 2 ML of Fe grow with a facecentered cubic ͑fcc-͒like structure and display antiferromagnetic ͑AF͒ order. For Fe coverages Ͼ5 ML, local moments approaching bulk body-centered cubic ͑bcc-͒Fe values were determined. Boeglin et al. 35 studied the growth and the interface of Fe films on Pd͑100͒ by surface extended x-ray absorption fine structure ͑SEXAFS͒ and observed a structural transition after 4 ML Fe from a face-centered tetragonal ͑fct͒ Fe 55 Pd 45 alloy to body-centered tetragonal ͑bct͒ Fe layers. The large orbital moments measured for a 3-ML-thick Fe film were attributed to interface alloying and to the fct structure. On ͓Fe/ Pd͔ n multilayers, Mühlbauer et al. 42, 43 also demonstrated by reflection high-energy electron diffraction ͑RHEED͒ the presence of a distorted fcc-like Fe-phase for Fe thicknesses Ͻ25 Å. Magnetic susceptibility measurements conducted on these films lead to the report of Fe magnetic moments that are 20% larger than that in bulk bcc-Fe. This group related the appearance of the large moments observed to the presence of fcc-like Fe in a high-spin ͑HS͒ configuration rather than to polarization effects of Pd at the Fe/Pd interfaces. 42 Celinski et al. 44 also found metastable fct Fe at the Fe/Pd interface of ultrathin Fe͑001͒/Pd͑001͒/Fe͑001͒ sandwich structures. The formation of two fcc-Fe phases with different lattice parameters in e-beam evaporated Fe/Pd multilayers was recently reported by Pan et al., 45 and a correlation between microstructure and magnetism was inferred. Other groups, however, reported the stabilization of interfacial ultrathin Fe films with bct structure on Pd͑100͒, 46 on Fe/Pd multilayers, 20 and on Pd overlayers supported on Ag͑001͒. 47 Previous investigations on Fe films deposited on vicinalPd͑100͒ single crystals have demonstrated three points: ͑i͒ surface steps can induce an in-plane uniaxial magnetic anisotropy in the Fe overlayer, ͑ii͒ the easy axis is perpendicular to the step edges, and ͑iii͒ the strength of the anisotropy scales linearly with the step density. 23 A similar dependence was observed for fcc-Co supported on vicinal-Cu͑001͒. 48 Other systems including bcc-Fe/vicinal-Ag͑001͒ and bcc-Fe/ vicinal-W͑001͒ displayed a quadratic relationship. 49, 50 The quadratic and linear dependencies arise from symmetry properties of the bcc and fcc lattices that are broken at the step edges. This offers the interesting opportunity of manipulating the magnetic anisotropy of a stepped thin film.
The Fe/vicinal-Pd system has been chosen for the present study for several reasons. First, the spin-orbit interaction of Pd always produces a strong magnetic anisotropy in FM/Pd systems, and, therefore, a strong step-induced, in-plane magnetic anisotropy can be expected. Second, Pd can be polarized at the Fe/Pd interface and made to become FM. 51 Choi et al. 23 demonstrated that Fe films supported on vicinalPd͑100͒ exhibit different magnetic properties compared to films deposited on flat surfaces. The Curie temperature of ultrathin step-supported Fe films ͑Ͻ2 ML͒ is higher than that on flat surfaces, and an additional induced magnetic moment on Pd at the step edges appears. This sensitivity to the local environment of Pd arises from distinct electronic hybridization at different Fe coordination sites. This paper reports on the epitaxial growth of ultrathin Fe films evaporated under UHV conditions on vicinal-Pd͑110͒ substrates. The presence of an Fe-Pd surface alloy at the initial stage of growth will be discussed. The choice of this substrate orientation is motivated by literature reports indicating that the induced FM moment carried by Pd at the Fe/Pd interface extends up to ϳ5 ML into the ͑110͒ surface of Pd. 52 Combined RHEED, LEED and in situ 57 Fe CEMS measurements are used to prove that the high moment fct-Fe phase is stable at RT. The hyperfine ͑hf͒ field ͉͑B hf ͉ = 39.2 T͒ for a 3-ML Fe film at 25 K is the highest ever measured for an Fe film on a metallic substrate.
II. EXPERIMENTAL
The experiments were carried out in an UHV chamber with base pressure Ͻ6 ϫ 10 −11 mbar equipped with LEED, RHEED, Auger and in situ 57 Fe CEMS. The pressure during film deposition Ͻ2 ϫ 10 −10 mbar. The Pd͑110͒ substrate, 53 with a vicinal angle of 5°± 0.1°, was cleaned under UHV conditions by cycles of Ar + sputtering ͑ion energy: 0.5 keV͒ at 430°C and annealing at 677°C. The cleaned substrate and the subsequently deposited Fe films are free of any measurable contamination within Auger sensitivity. The 57 Fe films ͑95.5% isotopic enrichment͒ were deposited from Knudsen cells with alumina crucibles surrounded by water-cooled shrouds. The evaporation sources were outgassed and stabilized prior to sample deposition. The film thickness and deposition rate ͑0.25 Å/min͒ were measured by a quartz-crystal microbalance that was calibrated previously by RHEED intensity oscillations during fcc-Fe deposition onto a clean Cu͑001͒ substrate. During deposition, the Pd substrate temperature was held at 70°C.
The crystallographic order of the Pd crystal and Fe films were confirmed with RHEED and LEED, recorded on the fluorescence screen by using a charge-coupled device ͑CCD͒ camera. The diffraction images were analyzed digitally to quantify ͑i͒ the changes in the in-plane atomic spacing with increasing Fe thickness ͑via RHEED͒ as described previously 54 and ͑ii͒ the average terrace size of the substrate ͑via LEED͒ prior to evaporation.
The 57 Fe CEM spectra were obtained in situ in UHV utilizing a channeltron electron detector placed in front of the sample and surrounded near its entrance cone by a MgOcoated copper tube to convert part of the high-energy conversion electrons from the sample into low-energy secondary electrons from MgO, and thus improving the efficiency of the channeltron. 55 After preparation of the 57 Fe film the sample was transferred and fixed in the same UHV system to the cold finger of a liquid-helium flow cryostat. CEM spectra were measured in zero external field at 25 K ͑i.e., near mag-netic saturation of Fe͒ using a 57 Co Mössbauer source ͑Rh matrix͒ of ϳ40 mCi activity placed outside the UHV system. The Mössbauer ␥ radiation was transmitted through an UHVproof beryllium window in normal incidence to the sample plane. A Mössbauer drive system operating in constant acceleration mode combined with conventional electronics was employed.
III. RESULTS AND DISCUSSION

A. LEED
Figures 1͑a͒ and 1͑c͒ and display LEED images of the clean vicinal Pd͑110͒ substrate at 142 and 118 eV, respectively. These LEED patterns were recorded a few degrees off from normal incidence. The bright central round spot clearly observable in Figs. 1͑a͒ and 1͑c͒ corresponds to the specular reflection or ͑0,0͒ beam. The LEED patterns ͑a͒ and ͑c͒ show the superposition of sharp round spots with long streaks along the direction perpendicular to the step edges ͓͑001͔͒. Double spots, typical of an ordered vicinal surface with wide terraces, are also observed. From the distance between these double spots in Figs. 1͑a͒ and 1͑c͒, an average terrace size ͑w͒ of Ϸ18 Å is estimated. This is consistent with the width of the terraces calculated for a Pd͑110͒ surface with a vicinal angle of 5°and 1.4-Å atomic step height 56 ͓w = ͑1.4 Å͒ / tan͑5°͒ =16 Å͔.
Whereas the clean ͑110͒ surfaces of the late 5d metals Ir, Pt, and Au reconstruct spontaneously, [57] [58] [59] [60] it takes a high coverage of hydrogen ͑1 ML͒ to induce reconstruction on the ͑110͒ surface of the late 4d Pd. 61 Since the LEED patterns displayed in Fig. 1 were measured directly after substrate cleaning, we expect a minimum hydrogen coverage adsorbed on the Pd͑110͒ surface and therefore no surface reconstruction.
After the deposition of 2.5 ML Fe ͓see Figs. 1͑b͒ and 1͑d͔͒, blurred, round spots arranged in a rectangular substratelike cell become visible. The large background intensity observed compared to that for clean Pd͑110͒ qualitatively corresponds to small ordered domains superimposed on disordered areas. The LEED pattern indicates pseudomorphic Fe growth and the stabilization of a compressed fcc-like ͑fct͒ Fe film, as will be demonstrated by means of RHEED. The disappearance of the double reflections that were present in Figs. 1͑a͒ and 1͑c͒ points to a full coverage of the substrate surface, in accordance with an initial layer-by-layer growth mode, as previously observed on this system. 18 
B. RHEED
RHEED measurements were carried out with the 10-keV, 30-A electron beam along the ͓001͔ of the Pd͑110͒ surface. For the clean surface ͓Fig. 2͑a͔͒ and Fe films Ͻ1.5 ML ͓Figs. 2͑b͒ and 2͑c͔͒, sharp streaks are observed, indicating smooth, well-ordered surfaces. The first Fe layer grows pseudomorphically with the same lattice parameter as the Pd substrate. Above ϳ1.6 ML Fe ͓Fig. 2͑d͔͒, the streaks become broad, indicating the onset of 3D growth.
Since the distance between the streaks is inversely proportional to the in-plane atomic spacing, a precise determination of the in-plane atomic distance ͑perpendicular to the scattering plane͒ relative to that of the Pd͑110͒ substrate can be carried out from the analysis of the RHEED patterns. 54 The result is plotted in Fig. 3 .
After the deposition of the first 0.5-ML Fe, the in-plane atomic spacing decreases by ϳ0.6%. Between 0.5 and about 1.3 ML, a plateaulike behavior is observed, with only ϳ0.4% decrease between 0.5 and 1 ML, followed by ϳ0.7% decrease between 1-1.3 ML. Thus, the films grow pseudomorphically in this thickness range, with a maximum compression of ϳ1.7% compared to fcc-Pd͑110͒ and an in-plane FIG. 1. LEED patterns ͑measured at room temperature͒ of the atomically clean Pd͑110͒ vicinal surface ͑a͒,͑c͒, and of 2.5 ML Fe epitaxially grown on vicinal Pd͑110͒ ͑b͒,͑d͒. All images have been taken under the same angular geometry keeping the distances of camera and sample to the LEED screen constant. The incident electron energies were 142 eV ͑a͒,͑c͒ and 118 eV ͑b͒,͑d͒.
FIG. 2.
RHEED patterns recorded at room temperature along the ͓001͔ azimuthal substrate direction with 10 keV electron energy and 30 A beam current: ͑a͒ vicinal Pd͑110͒ surface immediately prior to evaporation; and after deposition of 0.76 ML Fe ͑b͒, 1.50 ML Fe ͑c͒, and 3.0 ML Fe ͑d͒. All images have been taken under the same angular geometry keeping the distances of camera and sample to the RHEED screen constant.
nearest-neighbor ͑NN͒ distance of 2.7 Å. This value is close to the value of 2.69 Å for the Fe-Pd NN distance in a distorted-fcc Fe 50 Pd 50 alloy. 35 Studies performed by Boeglin et al. 35 on Fe/Pd͑100͒ also showed the formation of an Fe-Pd surface alloy with an in-plane compressed and out-of-plane extended fct structure similar to the tetragonalized ␥ phase of the disordered Fe x Pd 1−x alloy. 62 Above 1.3 ML Fe the in-plane atomic distance is reduced more rapidly with increasing film thickness ͑Fig. 3͒, providing evidence of structural relaxation of the Fe films. This is consistent with the observed 3D growth that starts above 1.5 ML, as shown in Fig. 2 . The in-plane atomic spacing approaches saturation at ϳ3 ML with a total compression of ϳ7%.
If one tentatively assumes that in the initial stage of growth the epitaxy is for bcc Fe͑110͒ to match the fcc Pd͑110͒ surface ͓Figs. 4͑a͒ and 4͑b͔͒, then unrelaxed pseudomorphic bcc Fe should experience an in-plane compression of ϳ4.2% according to Fig. 4 . Therefore, with increasing Fe thickness, a relaxation towards the larger bulk-Fe atomic spacing should occur, which disagrees with our experimental data. ͑We measured a ϳ7% compression of the in-plane atomic distance.͒ Another possibility is that the initial growth creates expanded fcc-like Fe ͓Fig. 4͑c͔͒. Indeed, a plot of the lattice parameter of ͑high-moment͒ ferromagnetic and ͑low-moment͒ antiferromagnetic ͑AFM͒ fcc Fe alloys versus the number of electrons per atom ͑e / a͒ extrapolated to metastable pure fcc Fe ͑e / a =8͒ leads to a lattice parameter of a 0 = 3.64 Å ͑for FM high-moment fcc Fe͒ and a 0 = 3.58 Å ͑for AFM low-moment fcc Fe͒. 63 These values are 6.4 and 8 %, respectively, smaller than a 0 = 3.89 Å of bulk Pd. Thus, an in-plane expanded fcc-like phase in the initial stage of growth followed by a reduction of the expansion at larger Fe coverages ͑up to 3 ML͒ would be consistent with the observed lattice compression with increasing Fe thickness ͑Fig. 3͒, though it would involve a much larger lattice mismatch ͑ϳ6.4 to ϳ8 % expansion͒ with respect to the Pd͑110͒ surface than for bcc Fe͑110͒ ͑ϳ4.2% compression͒. The existence of fcc-like Fe is consistent with the fact that according to our LEED ͑Fig. 1͒ and RHEED ͑Fig. 2͒ patterns the initial growth is pseudomorphic.
Tetragonal lattice distortions were previously observed by Boeglin et al. 35 during the RT epitaxial growth of Fe on Pd͑100͒. Analysis of LEED patterns using the I͑V͒ method lead to out-of-plane lattice parameters very close to that of bulk fcc-Pd for Fe thicknesses lower than 4 ML ͑3.90 Å͒. With increasing thickness, a rapid reduction of the out-ofplane lattice spacing down to 3.1 Å was observed and a structural transition from a tetragonal distorted fcc to a bcc structure was inferred. Additional chemical information from SEXAFS ͑Ref. 35͒ supports the idea of a structural transition from an fct Fe-Pd alloy ͑mixed interface͒ to bct-Fe with increasing Fe thickness. Another study of Fe growth on Pd͑001͒ suggests that above 10 ML the epitaxial Fe films are body-centered tetragonal; 38 however, these researchers could not fit their LEED I / V results at lower Fe coverage 38 to this model.
The present LEED and RHEED results provide evidence for the fcc-like ͑fct-type͒ Fe structure on Pd͑110͒ in the initial stages of growth. It will be shown in the next section that our CEMS results on 3 ML Fe/Pd͑110͒ are consistent with the result provided by the structural investigation.
C. 57 
Fe CEMS
The CEM spectra displayed in Figs. 5͑a͒ and 5͑b͒ were recorded immediately after RT deposition of 3 and 8 ML Fe, respectively, on the vicinal Pd͑110͒ single crystal and after cooling to 25 K. 57 Fe CEM measurements provide isotopespecific information about the structure, local environment, magnetic anisotropy and approximate magnitude of the Fe magnetic moment of the ultrathin and the spectral asymmetry observed, the spectra have been least-squares fitted with a distribution of hyperfine magnetic fields P͑B hf ͒, including a weak mean electric-quadrupole nuclear level shift ⑀. 64 The Mössbauer spectral parameters obtained from the fitting are given in Table I , together with experimental results for 3-4-ML-thick epitaxial fct-Fe layers deposited on Cu 3 Au͑001͒ ͑Ref. 17͒ and Cu͑001͒, 65, 66 and UHV grown polycrystalline 15-Å-thick Fe layers in Fe/Pd multilayers. 67 The spectrum of 3 ML Fe ͓Fig. 5͑a͔͒ and its Mössbauer parameters ͑B hf and 2⑀, Table I͒ are distinctly different from those of bulk bcc-Fe ͉͑B hf ͉ = 34.0 T, ␦ = + 0.12 mm/ s, 68 2⑀ = 0 mm/ s at low temperature͒, and rather close to those of fct-Fe/Cu 3 Au͑001͒, 17 fct-Fe/Cu͑001͒, 65, 66 or fct-Fe in Fe/Pd multilayers. 67 The fit indicates a hyperfine field distribution with a peak at 39.2 T ͓Fig. 5͑a͔͒, which not only is very large compared to the value of 34.0 T measured at 25 K for bulk bcc-Fe, but is the largest ͉B hf ͉ value ever observed for Fe films on metallic substrates. The 8-ML Fe film deposited on Pd͑110͒ ͓Fig. 5͑b͔͒ also shows an enhanced hyperfine field ͑with a peak value of 35.2 T, Table I͒ relative to that of bulk bcc-Fe, but one that is much smaller than that measured for the 3-ML-thick Fe film.
Since the electric quadrupole interaction arises from the presence of an electric-field gradient ͑EFG͒ at the 57 Fe nucleus, the nuclear level shift 2⑀ is related to the degree of asymmetry in the local electronic distribution. The observed relatively large ͑negative͒ quadrupole level shift ͑2⑀͒ of Ϫ0.09 mm/s for 3-ML Fe/Pd͑110͒ provides a modelindependent proof for the locally noncubic structure ͑lattice distortion͒ of the 3-ML Fe film. For bulk Fe with ideal bcc structure 2⑀ is zero. The quadrupole level shift 2⑀ obtained for the 8-ML Fe film is negligible within error bars, pointing towards a much less distorted lattice of this Fe film. By analogy with SEXAFS results 35 on 7-ML-thick Fe films on Pd͑001͒ we may conclude that our 8-ML film on Pd͑110͒ has bct structure.
The average center-line shift ␦ at 25 K given in Table I includes the chemical shift ͑isomer shift͒ and the temperature-dependent, second-order Doppler shift ͑thermal redshift͒. The positive shifts obtained for the 3-ML ͑␦ = 0.22 mm/ s͒ and 8-ML ͑␦ = 0.16 mm/ s͒ samples as compared to the shift of bulk bcc-Fe at 25 K ͓␦ = 0.12 mm/ s ͑Ref. 68͔͒ indicate a decrease of the s-electron density at the 57 Fe nucleus in the films as compared to bulk bcc-Fe. This means that s-like electrons of the interfacial Fe regions are transferred to Pd. Similar results ͑␦ = 0.15 mm/ s͒ were attained by Li et al. 33 for interfacial Fe layers in ͓fcc͑111͒-Fe͑20 Å͒ / fcc͑111͒-Pd͑36 Å͔͒ 25 multilayers. Our result is also in agreement with the theory by Miedema and Van der Woude 69 for the concentration ͑c͒ dependence of isomer shift values in binary Fe c X ͑1−c͒ alloys that predicts interatomic electron transfer to the more electronegative element, in this case Pd ͑Pauling electronegativity of Pd= Pd = 2.20 versus Fe = 1.83͒. Direct information about the average Fe spin orientation in zero external field ͓given by the angle between the incident ␥-ray direction ͑or film normal direction͒ and the direction of B hf ͑i.e., the Fe spin direction͔͒ is obtained from the line intensity ratios 3 : R :1:1:R : 3 of a Zeeman sextet, where R is related to by
From the least-squares fit of the CEM spectrum in Fig.  5͑a͒ we obtain the ratio I 2,5 / I 3,4 = R = 3.5± 0.2, which yields These values are in good agreement with the corresponding quadrupole-interaction constant 65 and V zz value 66 observed in ferromagnetic 3-ML-thick distorted fcc ͑fct͒ Fe films on Cu͑001͒ substrates. Apparently the degree of local lattice distortion of 3-ML-thick fct Fe films does not depend sensitively on the type of substrate used, but rather is an intrinsic property of the ferromagnetic fct structure. The change in sign of 2⑀ ͑Table I͒ in going from Fe͑3 ML͒/ Pd͑110͒ to Fe͑4 ML͒/Cu 3 Au͑001͒ is explained by the different Fe spin orientations in both systems: nearly in-plane on Pd͑110͒, and preferentially perpendicular orientation on Cu 3 Au͑001͒.
The strong 15% enhancement ͑relative to bulk bcc Fe at 25 K͒ in magnitude of the measured most-probable ͑peak-͒ hyperfine field B hf in Fe͑3ML͒/Pd͑110͒ cannot be explained by the additional contribution of the demagnetizing field, 71 ͉B dem ͉Ӎ 0 M S cos , for the case of nearly in-plane spin orientation. In our case, the external field is zero, and ͉B͉ dem Ӎ 0 M S cos Ӎ 0.5 T ͑taking = 75°and assuming that fct and bcc Fe have about the same saturation magnetization 0 M S of about 2 T͒, which is very small. Therefore, the magnitude of the measured hyperfine field ͉͑B hf ͉͒ is about equal to the magnitude of the intrinsic hyperfine field ͉͑B int ͉ = ͉B hf ͉ − ͉B dem ͉ = 38.5 T Ϸ͉B hf ͉͒. We may pose the question whether this observed enhanced B int is correlated with an enhancement in the Fe atomic moment Fe in the ultrathin film. ͓It is well known that in bulk Fe alloys there is roughly a proportionality between B int and Fe , with a conversion factor of about 15 T / B ͑Ref. 72͒.͔ In fact, an enhanced moment of Fe = 2.7 B was deduced by Mühlbauer et al. 42 from magnetization measurements on polycrystalline Fe/Pd multilayers, and the value of 2.67 B was inferred by Le Cann et al. 37 from magnetic circular dichroism measurements on Fe͑3 ML͒/Pd͑001͒. Assuming that no induced polarization occurred at the Fe/Pd interface, polarized-neutron reflectometry results by Bland et al. 47 also provided average Fe atomic moments of 2.66 B for Pd/Fe͑5.6 ML͒/Ag͑001͒ structures. The same value ͑2.66 B ͒ was observed by Fullerton et al. 73 on Au/Pd/Fe͑5.6 ML͒/Ag͑001͒. We will discuss the question of proportionality of ͉B hf ͉ and Fe further below.
The hyperfine field enhancement observed for the distorted fcc-like 3-ML Fe film on Pd͑110͒ is not likely due to the additional induced moment of Pd at the step edges. But rather it is due to the increased Fe atomic moment associated with the metastable ferromagnetic, tetragonally distorted fcc ͑fct͒ Fe structure. This hypothesis is supported by the work of Mühlbauer et al. 42 who observed a correlation between the enhanced Fe atomic moment ͑2.7 B ͒ and the fcc Fe structure in Fe/Pd multilayers. However, the finding by Li et al. 33 of almost identical hyperfine magnetic fields ͑at RT͒ for fcc-Fe and bcc-Fe in the Fe/Pd multilayers with different Pd thicknesses are at variance with our experimental observations, since the structural transition that we observe in single-layer Fe films with increasing Fe thickness is accompanied by changes in B hf .
The possibility of Fe-Pd intermixing during the RT evaporation of ultrathin Fe films on Pd single crystals and in epitaxially grown Fe-Pd multilayers has been suggested previously by some authors, 22, 32 but excluded by others. 24, 25 An upper limit of three atomic layers was set for the amount of interdiffusion using x-ray diffraction data. 32 Before one can attribute the enhanced hyperfine field value measured by CEMS on Fe͑3 ML͒/Pd͑110͒ to high-moment fcc-like Fe, the effect of Fe-Pd interfacial alloying or Fe interdiffusion into the Pd crystal should be considered.
Fe-Pd bulk alloys are ferromagnetic at RT for Fe concentrations down to 12 at. %. 74 If interdiffusion leads to Fe-Pd alloy formation with Fe concentrations below this value, then the alloy will be paramagnetic at RT. 74 Mössbauer studies carried out at RT by Boufelfel et al. 32 on ͓Fe͑4.2 Å͒ /Pd͔ n superlattices with n Ͻ 10 reveal a reduced distribution of B hf values with a maximum at 32 T and a shoulder at 25 T for the first atomic layer of Fe in contact with Pd. No paramagnetism was observed, however. These results are in agreement with RT Mössbauer measurements conducted on Pdrich Pd-Fe solid solutions where reduced hyperfine fields were measured. 21 Investigations by Boeglin et al. 35 on Fe/ Pd͑001͒ provided evidence for the formation of an Fe-Pd surface alloy with similar properties to the disordered ␥ phase of Fe 50 Pd 50 . Using SEXAFS, they established a direct relationship between the formation of an interfacial alloy with tetragonal fct structure and the large orbital moments of Fe atoms in the Fe͑3 ML͒/Pd͑001͒ system. An early survey of the magnetic properties of transition metals alloyed with Fe reported increased hyperfine fields for the Fe-Pd system. 75 Van der Woude and Sawatzky 76 also mention a hyperfine field increase of 1.1 T for an Fe-Pd alloy with respect to bcc-Fe. Klimars et al. 77 measured enhanced values of B hf for Fe-rich Fe-Pd alloys by Mössbauer spectroscopy. A maximum hyperfine field of ϳ37.5 T at 20 K was measured for fcc-Fe 1−x Pd x alloys with x ഛ 0.37. Increasing Pd concentration leads to a reduction of ͉B hf ͉ ͓͉B hf ͉ = 35 T for Fe 0.5 Pd 0.5 ͑Ref. 78͔͒. These results were also qualitatively corroborated by Zhang et al. 62 although smaller hyperfine fields were measured for the Fe-rich Fe-Pd alloys ͑ϳ35 T͒. However, the large hyperfine field value of ϳ39 T that we measured for the Fe͑3 ML͒/Pd͑110͒ sample cannot be explained exclusively by taking into consideration the formation of an interfacial Fe-Pd alloy.
We propose that an additional mechanism ͑in addition to interface alloying, if at all͒ is responsible for the large hf value of ϳ39 T observed in the 3 ML fct Fe film. Such a mechanism could be hybridization of 4d-Pd and 3d-Fe electronic wave functions in the interfacial Fe/Pd region, combined with the two-dimensional character of the 3-ML-thick Fe film, as inferred from spin-resolved ab initio electronic band structure calculations. 15, 24, 27, 79 In this context it is worth mentioning that in a depth selective CEMS interface study of Pd coated epitaxial bcc-Fe͑001͒ film structures the magnitude of B hf was found to oscillate with the distance from the interface. 80 Even at RT B hf was found to be enhanced to a value of ϳ37.8 T in the second Fe monolayer from the interface, and approached the bcc-Fe bulk value within 8-10 Fe monolayers. This oscillating behavior was explained by a superposition of an exponential short-range exchange interaction ͑mainly due to 3d-4d hybridization 80 ͒ within the first three Fe monolayers from the interface, and an oscillating RKKY-type long-range exchange interaction ͑via conduction electrons͒ in deeper Fe layers. A similar hybridization effect at the fct-Fe/Pd͑110͒ interface may lead to the strongly enhanced B hf value observed in the present work.
Finally we would like to address the question of proportionality between the intrinsic hyperfine field B int and the Fe atomic moment Fe at and near the Fe/Pd interface. It is well established that the measured ͑negative͒ hyperfine field at the 57 Fe nucleus B hf can be decomposed as
The small ͑positive͒ demagnetizing field B dem is estimated to be Ͻ0.5 T in our case ͑as mentioned above͒ and will be neglected. B core and B val,core are the ͑negative͒ contributions due to intra-atomic polarization of ͑1s ,2s ,3s͒ Fe core electrons and 4s valence electrons, respectively, by the local 3d moment of the Fe Mössbauer atom, while B val,tr is the transferred hyperfine field due to inter-atomic polarization of valence 4s electrons by d electrons of neighboring Fe ͑and Pd͒ atoms. While B hf,loc = B core + B val,core is proportional to the local 3d moment 81,82 ͑ 3d ϳ Fe ͒, B val,tr depends on the degree of hybridization of valence 4s electrons with d electrons of neighboring atoms surrounding the Mössbauer atom, and on their magnetic moments. Hence, B val,tr is of nonlocal nature.
In their pioneering theoretical work Ohnishi et al. 81, 82 have demonstrated for the ground-state magnetism of ideally flat bcc-Fe͑001͒ surfaces/interfaces that B val,tr changes sign from positive directly at the surface/interface ͑atomic layer S͒ to negative in the first subsurface/subinterface ͑layer S −1͒ and following layers ͑layers S − i, i ജ 2͒. This results in a nontrivial relationship between B int and Fe in layers S and S − 1 of the ideally flat bcc-Fe͑001͒ surface/interface.
For the case of the Pd/bcc-Fe͑001͒ system with an ideally flat interface, Handschuh and Blügel 79 have determined the monolayer-resolved ground-state Fe magnetic moments and 57 Fe hyperfine fields from ab initio full-potential linearized augmented plane wave ͑FLAPW͒ calculations. They found an interfacial Fe region of about four atomic layers ͑layers S, S −1, S −2, S −3͒, where Fe decreases monotonically from an enhanced value of ϳ2.75 B ͑at layer S͒ to ϳ2.3 B ͑at layer S −1͒ to its bulk value of ϳ2.12 B ͑at layer S −3͒. Simultaneously, the magnitude of the hyperfine field ͉B int ͉ was found to be nonmonotonic ͑peak-shaped͒ with depth, exhibiting strong enhancement with a maximum value of ϳ38.5 T in the first subinterface layer ͑layer S −1͒, and a lower value ͑though still enhanced relative to the bulk value of 34.3 T͒ of ϳ35.8 T at the Pd/Fe interface ͑layer S͒. The computed maximum value of 38.5 T is in excellent agreement with our experimentally observed peak value of ͉B int ͉ = 39.2 T or with our value of ͉B int ͉ = 38.5 T after correcting with B dem , although the crystallographic structure and orientation differ for theory ͓Pd/bcc-Fe͑001͔͒ and experiment ͓vicinal fct-Fe/Pd͑110͔͒, and ideally flat interfaces were assumed in the calculations. Although some Fe-Pd interdiffusion in our samples cannot be completely excluded ͑as discussed above͒, the good agreement between theory and experiment, on the other hand, suggests that such interdiffusion is nearly negligible in our samples, in accordance with Refs. 24, 25, and 80.
The theoretical results by Handschuh and Blügel 79 demonstrate that, due to a change in sign of B val,tr , the monolayer-resolved proportionality between ͉B int ͉ and Fe is lost at the interface ͑layer S͒ and at the first subinterface layer ͑S −1͒ of the Pd/bcc-Fe͑001͒ system. It is important to notice, however, that due to the peculiarity of B val,tr the average hyperfine field ͗B hf ͘ 3 ML and the average Fe atomic moment ͗ B ͘ 3 ML , both averaged over a 3-ML-thick surface region, yield values of 36.2 T and 2.4 B , respectively, according to theory. This results in a theoretical conversion factor ͗B hf ͘ 3 ML / ͗ B ͘ 3 ML of 15.1 T / B , which agrees surprisingly well with the usual conversion factor of 15 T / B for bulk bcc-Fe alloys. 72 This observation provides some justification for the inference of an enhanced average Fe magnetic moment ͗ B ͘ 3 ML of ϳ2.3 B from our measured average hyperfine field ͗B hf ͘ 3 ML of 34.5 T within our 3-ML-thick Fe film. The value of 2.3 B ͑and 34.5 T͒ should be considered as a lower limit, because the hyperfine field distribution in Fig. 5 shows a low-field tail which might be due to a small fraction of thermally rapidly relaxing Fe spins in the ultrathin film at 25 K.
IV. CONCLUSIONS
The structure and hyperfine magnetic properties of epitaxial Fe ultrathin films on a vicinal Pd͑110͒ surface have been investigated by means of LEED, RHEED, and in situ 57 Fe CEMS. LEED and RHEED provide evidence for pseudomorphic film growth in the initial stage of growth. The RHEED determination of the in-plane atomic distance versus Fe film thickness demonstrates the initial stabilization of the metastable fcc-like ͑fct͒ Fe structure on Pd͑110͒. This interpretation is supported by 57 Fe CEMS measurements in ultrahigh vacuum which indicate an enhanced saturation hyperfine field of ϳ39 T for a 3-ML-thick Fe film at 25 K. A large, though less enhanced hyperfine field is also observed in distorted fcc-like ͑fct͒ Fe films on other substrates, such as Cu 3 Au͑001͒. 17 These results suggest that ultrathin fcc-like Fe films on Pd͑110͒ are in a ferromagnetic high-moment state, and show an enhanced Fe magnetic moment due to electronic 3d-4d hybridization at the Fe/Pd interface.
